The flow and heat transfer characteristics of a closed-loop cooling system with a mini-channel heat sink for thermal management of electronics is studied experimentally. The heat sink is designed with corrugated fins to improve its heat dissipation capability. The experiments are performed using variable coolant volumetric flow rates and input heating powers. The experimental results show a high and reliable thermal performance using the heat sink with corrugated fins. The heat transfer capability is improved up to 30 W/cm 2 when the base temperature is kept at a stable and acceptable level. Besides the heat transfer capability enhancement, the capability of the system to transfer heat for a long distance is also studied and a fast thermal response time to reach steady state is observed once the input heating power or the volume flow rate are varied. Under different input heat source powers and volumetric flow rates, our results suggest potential applications of the designed mini-channel heat sink in cooling microelectronics.
Introduction
With ever increasing integration density in microelectronic chips, thermal management has become a main challenge in the design of integrated circuits [1] [2] [3] [4] [5] . Though the high electronic integration requires more power supply and therefore poses a big challenge for thermal management, the temperature of each device is constrained by the reliability limits to obtain a satisfactory system performance for electronic equipment due to the fact that the devices show degraded performance or can even be damaged if the generated heat cannot be dissipated effectively. To increase heat dissipation in microelectronics, the traditional solution is to increase the available heat transfer area, for example, by the use of different kinds of fins in heat exchangers. This solution, however, requires a larger heat exchange system and shows a limited enhancement in cooling devices with high heat flux and thus is undesirable. An alternate solution is to use mini-and micro-channels that can provide an effective way of cooling small surfaces through convection.
The first mini-or micro-channel heat sink described by Tuckerman and Pease [6] in 1981 could dissipate heat flux up to 790 W/cm 2 when the substrate temperature was below 71˝C. Following their pioneering work, different kinds of mini or micro-channel heat sink have been extensively investigated [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Vafai et al. [7] proposed a two-layer heat sink with counter flow The mini-channel heat sink with corrugated fins and the radiator plate are made of brass and aluminum, respectively. The reservoir and the transportation pipes are made of stainless steel. The radiator is the heat rejecter to remove the heat to the environment. Some bubbles may appear after the cooling system operates for a long time. The bubbles, if existing, are blocked in the reservoir. The originally contained air in the system is discharged to reach a vacuum condition before the working fluid is filled in the reservoir.
Design of the Mini-Channel Heat Sink
The design of the mini-channel heat sink aims at removing the heat generated from the heat source with a moderate flow rate to ensure a reasonable pressure drop and power consumption of the entire loop. The mini-channel heat sink consists of some corrugated fins based on the notion that the heat transfer performance of heat sink can be enhanced due to much more turbulence generated by the fins. Considering that the maldistribution effect of working fluid in the heat sink may lead to serious non-uniform temperature profile [25] , two inlets/outlets are designed in our system. The heat sink is integrated with three components: top plate with fins, bottom plate with fins, and outer frame. Two plates are designed separately with staggered fins arrangement, because of the difficulty in manufacturing a corrugated channel in a single plate. Welding is utilized to combine these three parts, as well as to connect the heat sink and system pipes. Figure 2 shows the schematic of the heat sink. The outer frame's dimension is 46 mm (L) × 26 mm (W). The thickness of the frame is 2 mm. All the fins on the plate have the same dimension, of which length Lw is 5 mm and width Ww is 0.5 mm. The height of fins and fluid channel is 1.5 mm, and the parallel spacing between fins Wc is 1.5 mm. The fins are designed by a staggered arrangement, i.e., 27 fins are designed at the top plate and the staggered 24 fins are designed at the bottom plate. The angle α between the fin and outer frame side is 27.65°. The inlet and outlet pipes pattern are 3 mm × 0.5 mm circular tube, and the main system's transportation pipes pattern is 6 mm × 1 mm circular tube. In order to make the heat sink and the heat source compact, a substrate attached to the heat sink with a dimension of 40 mm × 20 mm × 0.5 mm is designed as the interface with the heat source. The mini-channel heat sink with corrugated fins and the radiator plate are made of brass and aluminum, respectively. The reservoir and the transportation pipes are made of stainless steel. The radiator is the heat rejecter to remove the heat to the environment. Some bubbles may appear after the cooling system operates for a long time. The bubbles, if existing, are blocked in the reservoir. The originally contained air in the system is discharged to reach a vacuum condition before the working fluid is filled in the reservoir.
The design of the mini-channel heat sink aims at removing the heat generated from the heat source with a moderate flow rate to ensure a reasonable pressure drop and power consumption of the entire loop. The mini-channel heat sink consists of some corrugated fins based on the notion that the heat transfer performance of heat sink can be enhanced due to much more turbulence generated by the fins. Considering that the maldistribution effect of working fluid in the heat sink may lead to serious non-uniform temperature profile [25] , two inlets/outlets are designed in our system. The heat sink is integrated with three components: top plate with fins, bottom plate with fins, and outer frame. Two plates are designed separately with staggered fins arrangement, because of the difficulty in manufacturing a corrugated channel in a single plate. Welding is utilized to combine these three parts, as well as to connect the heat sink and system pipes. Figure 2 shows the schematic of the heat sink. The outer frame's dimension is 46 mm (L)ˆ26 mm (W). The thickness of the frame is 2 mm. All the fins on the plate have the same dimension, of which length L w is 5 mm and width W w is 0.5 mm. The height of fins and fluid channel is 1.5 mm, and the parallel spacing between fins W c is 1.5 mm. The fins are designed by a staggered arrangement, i.e., 27 fins are designed at the top plate and the staggered 24 fins are designed at the bottom plate. The angle α between the fin and outer frame side is 27.65˝. The inlet and outlet pipes pattern are 3 mmˆ0.5 mm circular tube, and the main system's transportation pipes pattern is 6 mmˆ1 mm circular tube. In order to make the heat sink and the heat source compact, a substrate attached to the heat sink with a dimension of 40 mmˆ20 mmˆ0.5 mm is designed as the interface with the heat source. 
Design of Radiator
We originally focus on the cooling system adaptable to the space environment. Due to the limitation of experimental condition, the fin-tube radiator is designed to be utilized on land to simulate the environment in space with additional cooling pipes integrated. As shown in Figure 3 , the main plate is manufactured with a single aluminum plate, which has a dimension of 1092 mm × 552 mm × 2 mm. Since the design of our radiator follows reference [26] , the details will not be discussed here. The front view shows that the main system pipes are parallel arranged to make the radiator more compact and light. The unit of the radiator is shown in Figure 3b . The heat from the main system pipes can be conducted to the other side of the main plate effectively and is finally removed by the cooling water with a cooling system that is not shown here. 
Design of the Heat Source
As shown in Figure 4 , the heat source provides the power up to 320 W with a uniform heat flux at the interface, which has a dimension of 40 mm × 20 mm. Two holes with diameter of 6.5 mm are drilled into the bottom part of the heat source to locate two cartridge heaters (each of 160 W). Measured and adjusted by a wattmeter, the cartridge heaters are connected in parallel and powered by a 0-220 V AC power supply. As illustrated in Figure 5 , the heat sink and the heat source are tightly pressed with epoxy resin plate. Thermal grease (~1 Wm −1 ·K −1 ) is used to reduce the thermal resistance between the heat sink and the heat source. 
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Design of the Heat Source
As shown in Figure 4 , the heat source provides the power up to 320 W with a uniform heat flux at the interface, which has a dimension of 40 mmˆ20 mm. Two holes with diameter of 6.5 mm are drilled into the bottom part of the heat source to locate two cartridge heaters (each of 160 W). Measured and adjusted by a wattmeter, the cartridge heaters are connected in parallel and powered by a 0-220 V AC power supply. As illustrated in Figure 5 , the heat sink and the heat source are tightly pressed with epoxy resin plate. Thermal grease (~1 Wm´1¨K´1) is used to reduce the thermal resistance between the heat sink and the heat source. 
Temperature and Pressure Testing
The entire heat sink is hermetically sealed with insulation material to minimize the heat loss to the ambient. The pump in the system that forces the coolant to pass through the heat sink is adjusted by a wattmeter. Additional testing transducers are added to measure the temperatures and pressures at the inlet/outlet of the heat sink during the test.
As shown in Figure 4 , below the top surface of heat source are eight micro holes with a diameter of 1 mm that are drilled into the side wall of the heat sink. Eight thermocouples are inserted into these holes to measure the temperature distribution at the surface of the heat source. At the inlet/outlet of the heat sink, thermocouples are stuck to the outer of the stainless pipes to measure the inlet/outlet fluid temperature. Other thermocouples are located at the inlet and outlet of the radiator and in the air to measure the radiator inlet, outlet and room temperature, respectively. Shown as dashed lines in Figure 1 , all the thermocouples with calibration in the system are T-type.
In Figure 6 , a stainless conjunction is designed to converge/allocate the flow at inlet/outlet of the heat sink. A micro-hole is drilled at the other side of the conjunction and pressure transducer is connected to measure the pressure drop between the inlet and exit of the heat sink. The pressure drop between in inlet and outlet of heat sink as well as the inlet and outlet of pump are obtained, respectively, to analyze the flow characteristics of the heat sink and the whole cooling system. As mentioned before and shown in Figure 6 , the two inlets and outlets pipes pattern is 3 mm × 0.5 mm circular tubes, and the main system transportation pipes pattern is 6 mm × 1 mm circular tube. 
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All the temperature and pressure data are collected and sent to the PC system and automatically recorded through a data acquisition system. Experiments are conducted with various volume flow rates ranging from 100 to 400 mL/min. All the temperature and pressure data are collected and sent to the PC system and automatically recorded through a data acquisition system. Experiments are conducted with various volume flow rates ranging from 100 to 400 mL/min.
Data Reduction
The heat transfer coefficient (HTC) of the heat sink is expressed as follows:
where q is the heat flux at the substrate surface generated by the heat source; Tw and Tl are the average temperature of the base of heat sink and the liquid, respectively, expressed as follows:
where Ti is the temperature of thermal couple inserted to measure the temperature distribution at the surface of heat source as shown in Figure 4 ; Ts,in and Ts,out represent the inlet and outlet liquid temperature of the heat sink, respectively.
Uncertainty in Experimental Data
The test range and accuracy of measurements are given in Table 1 . The uncertainties of the experimental data are calculated following Reference [27] . It involves calculating variable derivatives with respect to each experimental parameter and applies the already-known uncertainties that are calculated as follows:
where R = f (x1, x2, …, xn) represents a desired variable; x1, x2, …, xn are the variables that influence R, and their absolute uncertainties are expressed by Ux1, Ux2, …, Uxn, respectively. After calculation, the uncertainties for temperature, pressure drop and the heat transfer coefficient are 0.62%-2.34%, Figure 6 . Schematic of the inlet/outlet conjunction.
Data Reduction
where q is the heat flux at the substrate surface generated by the heat source; T w and T l are the average temperature of the base of heat sink and the liquid, respectively, expressed as follows:
where T i is the temperature of thermal couple inserted to measure the temperature distribution at the surface of heat source as shown in Figure 4 ; T s,in and T s,out represent the inlet and outlet liquid temperature of the heat sink, respectively.
Uncertainty in Experimental Data
where R = f (x 1 , x 2 , . . . , x n ) represents a desired variable; x 1 , x 2 , . . . , x n are the variables that influence R, and their absolute uncertainties are expressed by U x1 , U x2 , . . . , U xn , respectively. After calculation, the uncertainties for temperature, pressure drop and the heat transfer coefficient are 0.62%-2.34%, 0.24%-4.10%, and 1.41%-8.22%, respectively, when the volume flow rate ranges from 100 to 400 mL/min as shown in Table 2 . 
Results and Discussions

Heat Sink Performance
During the test, the inlet volume flow rate varies from 100 mL/min to 400 mL/min with a sequential 50 mL/min augmentation. The heat source power varies from 0 to 240 W with an increase of 20 W each step. Figure 7 illustrates the temperature response with different inlet volume flow rate and heat source power. Liquid temperature reaches the peak at the exit of the heat sink. The fluid absorbs much more heat and the liquid temperature at the outlet of the heat sink increases with more heat source power input. The heated liquid water is cooled in the radiator and its temperature decreases to room temperature level. Finally, the cooled water is forced to pass through the heat sink to continue the next cycle.
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Objects Uncertainty
Temperature ± (0.62%-2.34%) Pressure drop ± (0.24%-4.10%)
Heat transfer coefficient ± (1.41%-8.22%)
Results and Discussions
Heat Sink Performance
During the test, the inlet volume flow rate varies from 100 mL/min to 400 mL/min with a sequential 50 mL/min augmentation. The heat source power varies from 0 to 240 W with an increase of 20 W each step. Figure 7 illustrates the temperature response with different inlet volume flow rate and heat source power. Liquid temperature reaches the peak at the exit of the heat sink. The fluid absorbs much more heat and the liquid temperature at the outlet of the heat sink increases with more heat source power input. The heated liquid water is cooled in the radiator and its temperature decreases to room temperature level. Finally, the cooled water is forced to pass through the heat sink to continue the next cycle. The main objective of the cooling system is to minimize the base temperature as well as the heat source temperature and to remain at a stable and acceptable level. The distribution of the base temperature is consistent and the average temperature is 74˝C when the heat source power is 240 W and volume flow rate is 400 mL/min. When the base temperature is 77.3˝C and the heat source power is 240 W (corresponding to a heat flux of 30 W/cm 2 ), the volume flow rate can be controlled as low as 300 mL/min. As the room temperature almost remains around 23˝C, the liquid temperature at the exit of the radiator remains at the same level, and the temperature difference between inlet and outlet of the heat sink decreases with increasing inlet volume flow rate. Figure 8 shows the heat transfer coefficient (HTC) and pressure drop in heat sink as a function of volume flow rate. With the increase of volume flow rate, the convection heat transfer is improved and thus the overall HTC increases rapidly. When the input heating power is 180 W, the HTC of heat sink is 4554.98 W/m 2¨K at a volume flow rate of 100 mL/min, and the HTC is 6361.80 W/m 2¨K when the volume flow rate reaches 400 mL/min. Obviously the pressure drop increases as the volume flow rate increases as shown in Figure 8b . Meanwhile, the slope of the pressure drop also increases with an increase in volume flow rate. Two reasons may explain the change of the slope in the pressure drop characteristics. One is that the increase of volume flow rate lowers the average liquid temperature and thus increases water intrinsic viscosity, resulting in a larger pressure drop. This effect can be proved with the result that the pressure drop increases with the augmentation of input heating power when the volume flow rate is at 350 mL/min and 400 mL/min. The other is that inlet and outlet pressure losses are proportional to the velocity squared [18] , therefore increasing volume flow rate can lead to a more pronounced increase in pressure penalty. When the heat source power is 240 W and volume flow rate is 400 mL/min, the pressure drop is 6473.95 Pa. The main objective of the cooling system is to minimize the base temperature as well as the heat source temperature and to remain at a stable and acceptable level. The distribution of the base temperature is consistent and the average temperature is 74 °C when the heat source power is 240 W and volume flow rate is 400 mL/min. When the base temperature is 77.3 °C and the heat source power is 240 W (corresponding to a heat flux of 30 W/cm 2 ), the volume flow rate can be controlled as low as 300 mL/min. As the room temperature almost remains around 23 °C, the liquid temperature at the exit of the radiator remains at the same level, and the temperature difference between inlet and outlet of the heat sink decreases with increasing inlet volume flow rate. Figure 8 shows the heat transfer coefficient (HTC) and pressure drop in heat sink as a function of volume flow rate. With the increase of volume flow rate, the convection heat transfer is improved and thus the overall HTC increases rapidly. When the input heating power is 180 W, the HTC of heat sink is 4554.98 W/m 2 ·K at a volume flow rate of 100 mL/min, and the HTC is 6361.80 W/m 2 ·K when the volume flow rate reaches 400 mL/min. Obviously the pressure drop increases as the volume flow rate increases as shown in Figure 8b . Meanwhile, the slope of the pressure drop also increases with an increase in volume flow rate. Two reasons may explain the change of the slope in the pressure drop characteristics. One is that the increase of volume flow rate lowers the average liquid temperature and thus increases water intrinsic viscosity, resulting in a larger pressure drop. This effect can be proved with the result that the pressure drop increases with the augmentation of input heating power when the volume flow rate is at 350 mL/min and 400 mL/min. The other is that inlet and outlet pressure losses are proportional to the velocity squared [18] , therefore increasing volume flow rate can lead to a more pronounced increase in pressure penalty. When the heat source power is 240 W and volume flow rate is 400 mL/min, the pressure drop is 6473.95 Pa. The performance of the heat sink in the cooling system is compared with [28] and [29] on HTC and temperature response with different heat source power. The calculation of Reynolds numbers is based on the properties of distilled water under 40 °C. As shown in Figure 9 , HTC (Pw equal to 240 W) is around 1.5 times than literature data even with loaded nano-particle. The average base temperature (volume flow rate equal to 400 mL/min) is also much lower than literature data under variable heat flux, as shown in Figure 10 . The performance of the heat sink in the cooling system is compared with [28] and [29] on HTC and temperature response with different heat source power. The calculation of Reynolds numbers is based on the properties of distilled water under 40˝C. As shown in Figure 9 , HTC (P w equal to 240 W) is around 1.5 times than literature data even with loaded nano-particle. The average base temperature (volume flow rate equal to 400 mL/min) is also much lower than literature data under variable heat flux, as shown in Figure 10 . 
The Closed-Loop System Performance
As the heat source, such as electronic devices, may be located far away from the heat rejecter, such as a radiator, the heat transportation capability with a long distance must be considered. The system performance and stability must be analyzed. The presented closed-loop system aims to remove the heat of the heat source in a long transportation distance of more than 5 m and the whole system pipe length is more than 11 m, excluding the system pipes in the radiator. The overall mass of this closed-loop integrated mini-channel heat sink cooling system is less than 10 kg, including the heat sink, radiator, reservoir, pump, and system pipes. Figure 11 illustrates the temperature response when the heat source power increases from 80 W to 100 W at the volume flow rate of 100 mL/min. We can see that the liquid temperature at the exit of heat sink and inlet of the radiator almost remains the same order of magnitude, with similar behavior observed at the exit of radiator and inlet of the heat sink. Therefore, it indicates, to some extent, that the heat loss from the system pipes to the ambient is negligible and heat transfer mainly occurs at the radiator and heat sink. It can be clearly seen that the base temperature and outlet temperature of the heat sink increase prior to the temperature rise of the radiator inlet liquid. This process is mainly affected by the relative position of these components in the system and heat transfer in such a long distance system should have a finite response time. The whole system reaches a steady state in 2 min after the input heating power is changed. Therefore, this closed-loop cooling system has a swift response to the input heating power variation, and it can be operated well under steady state operation without temperature fluctuation. 
As the heat source, such as electronic devices, may be located far away from the heat rejecter, such as a radiator, the heat transportation capability with a long distance must be considered. The system performance and stability must be analyzed. The presented closed-loop system aims to remove the heat of the heat source in a long transportation distance of more than 5 m and the whole system pipe length is more than 11 m, excluding the system pipes in the radiator. The overall mass of this closed-loop integrated mini-channel heat sink cooling system is less than 10 kg, including the heat sink, radiator, reservoir, pump, and system pipes. Figure 11 illustrates the temperature response when the heat source power increases from 80 W to 100 W at the volume flow rate of 100 mL/min. We can see that the liquid temperature at the exit of heat sink and inlet of the radiator almost remains the same order of magnitude, with similar behavior observed at the exit of radiator and inlet of the heat sink. Therefore, it indicates, to some extent, that the heat loss from the system pipes to the ambient is negligible and heat transfer mainly occurs at the radiator and heat sink. It can be clearly seen that the base temperature and outlet temperature of the heat sink increase prior to the temperature rise of the radiator inlet liquid. This process is mainly affected by the relative position of these components in the system and heat transfer in such a long distance system should have a finite response time. The whole system reaches a steady state in 2 min after the input heating power is changed. Therefore, this closed-loop cooling system has a swift response to the input heating power variation, and it can be operated well under steady state operation without temperature fluctuation. When the heat source power is fixed at 160 W (corresponding to a heat flux of 20 W/cm 2 ), the temperature response under different volume flow rates is shown in Figure 12 . It indicates that the cooling system can be operated well and the base temperature stays below 75 °C when the heat source power is less than 160 W. Figure 13 illustrates the whole system pressure drop when the heat source power is 160 W and this response is similar to the pressure drop between the inlet and outlet of the heat sink. The pressure drop increases extraordinarily with increasing volume flow rate. When the system flow rate is 100 and 400 mL/min, the system pressure drop is 6.24 and 41.31 kPa, respectively. When the heat source power is fixed at 160 W (corresponding to a heat flux of 20 W/cm 2 ), the temperature response under different volume flow rates is shown in Figure 12 . It indicates that the cooling system can be operated well and the base temperature stays below 75˝C when the heat source power is less than 160 W. Figure 13 illustrates the whole system pressure drop when the heat source power is 160 W and this response is similar to the pressure drop between the inlet and outlet of the heat sink. The pressure drop increases extraordinarily with increasing volume flow rate. When the system flow rate is 100 and 400 mL/min, the system pressure drop is 6.24 and 41.31 kPa, respectively. When the heat source power is fixed at 160 W (corresponding to a heat flux of 20 W/cm 2 ), the temperature response under different volume flow rates is shown in Figure 12 . It indicates that the cooling system can be operated well and the base temperature stays below 75 °C when the heat source power is less than 160 W. Figure 13 illustrates the whole system pressure drop when the heat source power is 160 W and this response is similar to the pressure drop between the inlet and outlet of the heat sink. The pressure drop increases extraordinarily with increasing volume flow rate. When the system flow rate is 100 and 400 mL/min, the system pressure drop is 6.24 and 41.31 kPa, respectively. When the heat source power is fixed at 160 W (corresponding to a heat flux of 20 W/cm 2 ), the temperature response under different volume flow rates is shown in Figure 12 . It indicates that the cooling system can be operated well and the base temperature stays below 75 °C when the heat source power is less than 160 W. Figure 13 illustrates the whole system pressure drop when the heat source power is 160 W and this response is similar to the pressure drop between the inlet and outlet of the heat sink. The pressure drop increases extraordinarily with increasing volume flow rate. When the system flow rate is 100 and 400 mL/min, the system pressure drop is 6.24 and 41.31 kPa, respectively. 
Conclusions
This work presents an experimental study of single phase flow and heat transfer characteristics in a compact closed-loop cooling system with integrated mini-channel heat sink. The whole cooling system shows a stable and reliable performance with approximately 2 min response time to achieve steady state once the input heating power or system volume flow rate are changed. The main conclusions are as follows:
The system has a transportation distance of more than 5 m with the system pressure drop about 41.31 kPa when the system volume flow rate is 400 mL/min. (b)
The system has a cooling capability of 240 W when the base temperature is below 80˝C. (b)
When the base temperature is 77.3˝C and the heat source power is 240 W (corresponding to a heat flux of 30 W/cm 2 ), the volume flow rate can be controlled as low as 300 mL/min. Author Contributions: Lei Ma performed the research and wrote the paper; Xuxin Zhao, Hongyuan Sun and Qixing Wu designed and analyzed the data; Wei Liu designed and streamlined the text. All authors have read and approved the final manuscript.
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Abbreviations
The following abbreviations are used in this manuscript:
length of the outer frame (mm) L 1 distance between inlet and outlet (mm) L 2 distance between two outlets (or inlets) (mm)) L w length of the fins (mm) ∆p sink pressure drop between inlet and outlet of the heat sink (Pa) ∆p total pressure drop in whole system pipes (Pa) P w input heating power (W) q heat flux at the substrate (W/cm 2 ) Q v volume flow rate (mL/min) t time (min) T temperature (˝C) T e ambient temperature (˝C) T l average liquid temperature (˝C) T r,in temperature at the inlet of the radiator (˝C) T r,out temperature at the outlet of the radiator (˝C) T s,in temperature at the inlet of the heat sink (˝C) T s,out temperature at the outlet of the heat sink (˝C) T w base temperature (˝C) W width of the outer frame (mm) W c distance between two fins, the width of the channel (mm) W w width of the fins (mm)
Greek Symbol α the arrangement angel between fins and heat sink side (˝)
